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Background: People who have extremely high arched feet or pes cavus often suffer from substantial foot pain.
Custom-made foot orthoses (CFO) have been shown to be an effective treatment option, but their specificity is
unclear. It is generally thought that one of the primary functions of CFO is redistributing abnormal plantar pressures.
This study sought to identify variables associated with pain relief after CFO intervention.
Methods: Plantar pressure data from a randomized controlled trial of 154 participants with painful pes cavus were
retrospectively re-analyzed at baseline and three month post CFO intervention. The participants were randomized
to a treatment group given CFO or a control group given sham orthoses.
Results: No relationship between change in pressure magnitude and change in symptoms was found in either
group. However, redistribution of plantar pressure, measured with the Dynamic Plantar Loading Index, had a
significant effect on pain relief (p = 0.001). Our final model predicted 73% of the variance in pain relief from CFO
and consisted of initial pain level, BMI, foot alignment, and changes in both Dynamic Plantar Loading Index and
pressure–time integral.
Conclusion: Our data suggest that a primary function of effective orthotic therapy with CFO is redistribution of
abnormal plantar pressures. Results of this study add to the growing body of literature providing mechanistic
support for CFO providing pain relief in painful foot conditions. The proposed model may assist in better designing
and assessing orthotic therapy for pain relief in patients suffering painful cavus foot deformity.
Trial registration: Randomized controlled trial: ISRCTN84913516
Keywords: Foot pain, Pes cavus, Plantar pressure, Modeling pain relief, Probability distribution of peak pressure,
Dynamic plantar loading indexBackground
Custom-made foot orthoses have been shown to be an
effective treatment option for foot pain in a variety of
clinical populations [1]. However, the mechanism by
which they produce an effect is not well understood.
There are a number of theoretical explanations, in-
cluding resisting or facilitating motion; plantar pressure
reduction; altered muscle activity; and enhanced pro-
prioception [2,3]. Scientific evaluation of these theories* Correspondence: najafi.bijan@gmail.com
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stated.has posed many challenges for researchers and over-
whelming support for one particular theoretical model is
lacking [4]. It is likely, however, that orthoses have dif-
ferent mechanisms for different types of foot pain.
Patients who have extremely high arched feet, or pes
cavus, and associated musculoskeletal foot pain are par-
ticularly responsive to orthotic therapy [5]. It has been
estimated that 60% of people with pes cavus will experi-
ence foot pain, such as metatarsalgia, sesamoiditis and
plantar heel pain, all of which are thought to be the re-
sult of high, localized plantar pressures [5]. Structurally,
the cavus foot deformity has reduced ground contact
area and is rigid and less shock absorbent, in contrast to
the dynamic adaptability of normal and planus (flat) feet
[6]. Management of the painful cavus foot has, therefore,td. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited. The Creative Commons Public Domain Dedication
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the application of pressure relieving insoles.
We previously reported a randomized controlled clin-
ical trial into the efficacy of orthoses for painful pes
cavus [5,7]. Participants were either assigned to a group
that received customized, polypropylene foot orthoses or
to a control group consisting of a flat, nonsupportive,
latex foam insole. We demonstrated a statistically and
clinically significant effect on foot pain and function for
the custom-made foot orthoses over the sham. We also
showed improvements in quality of life measures and
greater reduction in pressure variables in the interven-
tion group. We concluded that custom-made foot orth-
oses are beneficial for people with painful pes cavus,
postulating a link between the improvements in pain
and function and reduced plantar pressures.
Subsequently, however, we found no correlation be-
tween change in pressure and change in pain with the
use of custom-made foot orthoses [7]. While our initial
expectations were based on the reduction in plantar
pressure being correlated with reduction of pain and
subsequent improvement in function, we were not able
to show this to be the case [7].
Recently, a new method to evaluate change in plantar
pressure has been developed [8,9]. Since absolute pres-
sure reduction is dependent on many factors that vary
between patients and trials, (e.g. walk speed, BMI, antal-
gic gait), redistribution of pressure might be a more sen-
sitive measure. The Dynamic Plantar Loading Index
(DPLI) is a method for investigating the redistribution of
plantar pressures. The method is based on the probabil-
ity distribution of peak pressure time series and is quan-
tified using the Regression Factor [8]. The DPLI is a
dynamic plantar loading measure estimated from fitting
a person’s plantar pressure probability distribution to a
Gaussian distribution [8]. In other words, it is a direct
measure of what has been thought to be an important
mechanism of how custom-made foot orthoses work: by
redistributing plantar pressures.
In summary, DPLI is calculated by the least square re-
gression slope between the experimentally observed
plantar pressure magnitude probability distribution and
a Gaussian distribution with the same mean, standard
deviation, and magnitude. The theoretical value of DPLI
is confined between −1 to +1 and a value closer to +1
is interpreted as a better agreement between the DPLI
and the Gaussian distribution. Healthy participants have
demonstrated to have a DPLI = 0.46 during barefoot
walking and DPLI = 0.51 ± 0.15 during shod walking while
patients with major foot deformities such as Charcot pa-
tients have a negative value [9]. After surgical recon-
struction, the Charcot patient’s DPLI approximated
healthy participants. On the same note, our initial study
demonstrated that DPLI in patients with painful pescavus (Foot Posture Index (FPI) < −2, average = −4.3 ± 2.8)
without corrective insoles is 41% lower (DPLI = 0.30 ±
0.16) than individuals with normal foot posture (effect
size = 1.40, p < 10-7) [8]. Preliminary testing demonstrated
this measure to be independent of gait speed, an import-
ant confounding parameter for plantar pressure time-
series profile [8,9].
The aim of this study was to model the contribution
of the DPLI with other possible predictors of cavus foot




The original trial data were obtained from the principal
investigator (JB) and the methods were described previ-
ously [5]. In brief, after institutional ethics approval and
informed consent, 154 participants (56% male; Age = 50 ±
14 years; BMI = 27.8 ± 6.1 kg/m2) with painful pes cavus
were enrolled on the basis of reaching a threshold Foot
Posture Index (FPI) [10] of −2 or less [11]. FPI is a diag-
nostic tool that evaluates the multi-segmental and multi-
planar aspects of the foot using six criteria that together
enable the foot to be scored along a continuum of cavus
(supinated) to planus (pronated) features [10]. The six
components provide a reliable and valid aggregate score
ranging from −12 for highly cavus to +12 for highly planus
foot alignment [10,12,13].
Eligible participants were men and women 18 years or
older, with painful bilateral pes cavus. Patients were ex-
cluded if they had rheumatoid arthritis or active foot ul-
cers, or if they were taking analgesics, or were unable to
walk a distance of 20 m independently.
Interventions
Participants were randomly assigned to two groups
(Figure 1): A control group that was given sham orth-
oses (3 mm latex foam) and an active treatment group
that was prescribed custom-made foot orthoses (stand-
ard prescription of a direct milled 3 mm polypropylene)
[5]. Both groups were casted with plaster of paris in
identical fashion [5]. The methods and criteria of mill-
ing for the intervention group has been described in
our previous publication [5]. In summary, members of
the treatment group were fitted with a pair of custom
foot orthoses molded from neutral-suspension plaster
casts of the feet by an experienced podiatric physician
(JB, the senior author). The casts were scanned using a
three dimensional laser scanner, and the orthoses were
fabricated from 3 mm polypropylene using a computer
aided design–computer-aided manufacturing milling
machine to a standardized prescription that had been
previously developed and pilot tested [14]. The orthoses
were covered with full-length 3 mm Poron Medical
Assessed for eligibility (n= 474)
Excluded  (n=337)
- Not meeting inclusion criteria (n=320)




- Excluded from analysis (n=0)
Re-analyzed for assessing the association of 
plantar loading and pain relief post intervention
Lost to follow-up (n=0)
3 months follow-up: Measuring plantar 
pressure during habitual walking with and 
without orthoses, and self-report Foot Health 
Status Questionnaire
Allocated to sham orthoses intervention 
(n=79)
Measuring foot posture index, lunge test, plantar 
pressure during habitual walking with and without 
orthoses, and self-report Foot Health Status 
Questionnaire
Lost to follow-up (n=0)
3 months follow-up: Measuring plantar 
pressure during habitual walking with and 
without orthoses, and self-report Foot Health 
Status Questionnaire
Allocated to CFO intervention (n=75)
Measuring foot posture index, lunge test, 
plantar pressure during habitual walking with 
and without orthoses, and self-report Foot 
Health Status Questionnaire
Analysed  (n=73)
Excluded from analysis due to noisy plantar 
pressure data (n=1) or unrecorded plantar 
pressure (n=1) 
Re-analyzed for assessing the association of 






Figure 1 Consort flow diagram.
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is a commonly used and effective material for absorbing
shock and reducing pressure. The key feature of the device
is the contoured flexible shell molded to the exact mor-
phological features of the patient’s foot. With the addition
of a full-length cushioned top cover, the orthotic device
aims to reduce and redistribute abnormal plantar pres-
sures [5].Biomechanical assessment of foot orthoses benefit
Biomechanical benefit of custom orthoses was assessed
by quantifying the change in dynamic plantar pressure.
Plantar pressure assessment was performed using com-
puterized pressure insoles (Pedar®, Novel-Germany) in a
standardized shoe (Dunlop Volley; Pacific Dunlop Ltd,
Melbourne, Australia) and wearing standardized socks
(Brooks; Texas Peak Pty Ltd, Tullamarine, Australia).
Participants’ shoe insole was removed and replaced by
the randomly allocated orthoses (custom-made or sham)
and the pressure insole was applied between the foot
and the allocated orthoses i.e. on top of the orthoses.
Participants walked a minimum of 40 steps at their self-selected walking speed on a 10 m walkway. The sam-
pling frequency was 50 Hz.
A toolbox was designed and pilot tested in our previ-
ous study [8], to characterize and quantify the shape of
peak plantar pressure time-series during walking. Three
outcomes were extracted using this toolbox including 1)
the DPLI 2) the magnitude of 2nd peak pressure (PM2)
and 3) the relative location of 2nd peak pressure as a per-
centage of the stance phase (PLoc2). Previously, CFO
have been shown to influence the ankle moment, thus
motivating our attention to the location and amplitude
of 2nd peak pressure [15,16].
In our previous study [8], we demonstrated that cavus
foot deformity significantly reduces the DPLI on average
by 41%, increases the PLoc2 by 51%, and decreases the
timing to the second peak by 5.8% compared to healthy
foot posture. Thus changes in these three parameters to-
gether with changes in pressure time integral (PTI) and
maximum magnitude of peak pressure were considered
as plantar pressure parameters for predicting pain relief
after three months of wearing foot orthoses. Further-
more, the alignment of the foot, quantified by Foot Pos-
ture Index, and ankle range of motion, quantified by
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model as well.
The estimation of the DPLI has been described in our
previous publication [8]. In summary, the time-series of
peak pressure profile during each stance phase was scaled
to 100 samples using a linear interpolation scheme to
moderate the effect of gait velocity (stance duration). Then
a Gaussian distribution with the same mean, variance, and
maximum probability magnitude as the actual data was
fitted for each foot and trial using a linear regression
model, producing the DPLI [8]. The normal distribution
evaluated the probability of observing low, medium or
high pressures at any point during stance. For instance,
very low and high pressures were expected but usually
occur very rapidly (at heel contact and toe off) and there-
fore account for only a small percentage of the stance
phase. These pressures therefore make up the tail ends of
the distribution. There was a greater probability of seeing
medium pressures during stance and these intermediate
pressures made up the central part of the normal distribu-
tion (Figure 2). The theoretical value of DPLI is expected
to range from - 1 to + 1 and a value close to +1 (regression
coefficient =1) is mathematically interpreted as a better
agreement between DPLI and the Gaussian distribution.Figure 2 Plantar pressure magnitude during walking for a typical pes
(Figure 2A) and wearing Custom-Made Orthoses (Figure 2B) as well a
(Figure 2C). In participants with normal foot alignment, there is a greater
make up the central part of the normal distributionOutcome measures
Foot pain was measured by the well-validated self-
reported Foot Health Status Questionnaire (FHSQ)
[18,19] at baseline and after 3 months. The FHSQ is an
accurate and reliable measure of foot-specific, health-
related, quality-of-life scoring from 0 (worst score) to
100 points. The FHSQ also assesses footwear suitability
and self-perception of general foot health. Scores of 85
and above on any item are considered to fall within nor-
mal ranges [18]. The change in pain score between base-
line and 3 months was considered the primary outcome
of this study.
Data analysis
A multivariable general linear model (MANCOVA)
was used for between group comparison by controlling
the effect of participants’ characteristics (age, BMI, gen-
der) and participants’ foot biomechanics (Foot Posture
Index, DPLI, peak pressure, PTI, and the magnitude
of 2nd peak pressure and the relative location of 2nd
peak pressure as a percentage of the stance phase). In
addition, ANCOVA was used for between group com-
parisons with adjustment by age. A multiple linear re-
gression model (backward) was used to assess significantcavus participant not wearing Custom-Made Orthoses, CFO
s a typical healthy participant with normal foot alignment
probability of seeing medium pressure values during stance which
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(custom-made foot orthoses =1 and Sham = 0) was
inserted as the selection variable for the model and the
custom orthoses group was selected for the final fit-
ting. The dependent variable was the change in foot
pain FHSQ score after 3 months wearing custom orth-
oses, compared to baseline. Independent variables in-
cluded custom-orthoses participants’ characteristics
(age and BMI), initial foot biomechanical parameters
(Foot Posture Index and lunge test), and changes
in plantar pressure after wearing orthoses (change in
DPLI, maximum peak pressure, PTI, the magnitude of
2nd peak pressure and the relative location of 2nd
peak pressure as a percentage of the stance phase), and
initial foot pain score. To avoid artificially doubling
the sample, a randomly selected right or left foot from
each participant was used in final analysis. Since, the
association between changes in pressure time-series
and changes in pain was the main focus of this study,
the constant parameter of the model was assumed to
be zero. In other words, if the change in plantar pres-
sure parameters was zero, we anticipated to have zero
change in pain score in the follow-up assessment. Stat-
istical analyses were performed using SPSS® version 20.Results
Participants’ characteristics
Originally, 154 eligible participants were recruited. How-
ever, two participants were excluded from the final data
analysis due to technical problems with the Pedar® sys-
tem. Seventy nine from the control group (61% Female,
Age = 49.5 ± 14.4 years, BMI = 27.4 ± 6.0 kg/m2) and 73
from the intervention group (52% Female, Age = 49.8 ±
14.4 years, BMI = 27.9 ± 5.8 kg/m2) were included in
final analysis. At baseline no between groups significant
difference was observed for any of the measures, sug-
gesting effective randomization.Table 1 Difference between control and intervention groups
Control group N = 79 Interve
Mean ± SD
Gender (% Female) 60.8%
Age (years) 49.5 ± 14.4
BMI (kg/m2) 27.4 ± 6.0
Initial pain score 46.7 ± 18.1
Follow-up pain score 67.0 ± 22.2
Change in pain 20.3 ± 22.7
Results after adju
Initial pain score 45.3
Follow-up pain score 65.3
Change in pain 20.0Effect of foot orthoses on plantar pressure during
walking
The effect of custom orthoses on change in plantar
pressure time-series was demonstrated in our previous
publication [8]. In summary, our preliminary results
suggested that custom-made foot orthoses significantly
increases DPLI on average by 44% compared to base-
line (with shoes and no orthoses), while no improve-
ment was observed in the control group. Both the
control and treatment groups showed a decrease in the
magnitude of peak pressure compared to baseline al-
though the magnitude of reduction was higher in the
treatment group than in the control group (8%; p < 0.001).
The timing of the 2nd peak pressure was significantly later
in the treatment group compared to baseline as well as
compared to control (1.1%; p < 0.001).
Effect of custom-made foot orthoses on foot pain relief
No significant difference was observed between groups
for foot pain score at baseline (p = 0.098). Foot pain
scores improved after three months follow-up for both
groups (Table 1). However, the improvement of foot pain
was, on average, 55% higher in the treatment group
compared to the control group (p = 0.005, mean differ-
ence = 11.1, 95% CI = 3.3 to 19.0). No correlation between
change in pressure magnitude and change in symptoms
was found in either group (r < 0.1, p = 0.494). On the
same note, no correlation was found between change
in PTI and change in pain (r < 0.1, p = 0.412). How-
ever, redistribution of plantar pressure, measured with
the DPLI, had a significant effect on pain relief (r = 0.28,
p = 0.001).
Prediction of foot pain relief with custom-made foot
orthoses
Table 2 summarizes the significant predictors of pain re-
duction in the intervention group using the multiple linear
regression model described in the method. Results suggestat baseline and 3-months follow-up





50.1 ± 14.0 0.22(0.923) (−4.3,4.8)
27.9 ± 5.8 0.5(0.583) (−1.3,2.4)
41.9 ± 17.7 −4.8(0.122) (−10.8,1.3)
73.4 ± 24.9 6.4(0.098) (−1.2,13.9)
31.5 ± 26.1 11.1(0.006) (3.3,19.0)
sting by age
41.1 −4.1(0.180) (−10.2,1.9)
73 7.4 (0.061) (−.3,15.0)
31.5 11.5(0.005) (3.5,19.5)






t Sig. 95.0% confidence
interval for B
Correlations





BMI 1.379 .269 .942 5.119 .000 .841 1.917 .782 .539 .335
Dynamic Plantar Loading Index Change 46.868 18.072 .253 2.593 .012 10.766 82.970 .667 .308 .170
PTI Change −3.038 .987 −.389 −3.077 .003 −5.010 −1.066 −.713 −.359 −.201
Foot Posture Index 2.008 1.018 .251 1.972 .053 −.026 4.042 −.584 .239 .129
FHSQ initial foot pain score −.475 .139 −.514 −3.424 .001 −.752 −.198 .602 −.394 −.224
a. Dependent Variable: Change in pain score.
b. Linear Regression through the Origin.
c. Selecting only cases for which footwear_type = 1 (CFO).
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modeled with relatively good accuracy (R-square = 0.726,
standard error of the estimate = 22.79) by initial foot pain
FHSQ score, BMI, Foot Posture Index, and changes in
DPLI and PTI (p < 0.05). Changes in peak pressure magni-
tude and the location and magnitude of the 2nd peak as
well as baseline values of ankle range (lunge test) and age
were not significant predictors. Figure 3 illustrates the
scatter plot of association between foot pain score change
and the independent variables described above.
Figure 4 illustrates the scatter plot for the association
between change in pain and baseline parameters, in-
cluding participants’ initial pain score (Figure 4A), BMI
(Figure 4B), and Foot Posture Index (Figure 4C). Results
suggest that effective pain reduction depends on initial
pain score. In other words, those who have higher pain
levels may benefit more from the prescribed orthoses
(R-partial = −0.4). On the same note, pain relief was
mediated by an increase in BMI and lower Foot Posture
Index (i.e., worse pes cavus foot deformity) after inter-
vention with prescribed custom-made foot orthoses
(R-partial = 0.54 for BMI and 0.24 for Foot Posture Index).
Figure 5 illustrates the associations between change in
pain and change in DPLI (Figure 5A) and PTI (Figure 5B).
Results suggest that pain in the intervention group was re-
duced by increasing the DPLI (B = 46.8(18,1), p = 0.012, R-
partial = 0.31, Zero-order R = 0.67). On the same note, pain
may be reduced by reducing PTI (B = −3.0(0.99), p = 0.003,
R-partial = −.359, Zero-order R = −0.71).Figure 3 The model output for prediction of foot pain score
change post custom orthoses intervention. Selected cases (filled
circles) represent the CFO group and unselected cases (empty circles)
represent the control group. The diagonal dash-lines represent the best
linear fit for each selected and unselected cases. The solid diagonal line
represents the best linear fit for both groups altogether.Discussion
In this secondary data analysis of a randomized clinical
trial of custom-made foot orthoses for treatment of
painful pes cavus, we investigated possible predictor var-
iables for treatment response in the custom-made foot
orthoses group. We aimed to describe both demographic
and biomechanical mediators of pain-relief afforded withcustom-made foot orthoses usage. Our final model de-
scribed 73% (R2) of the variance in pain relief with
custom-made foot orthoses and consisted of higher ini-
tial pain level, higher BMI, cavoid foot alignment as
measured by Foot Posture Index, and changes in both
the DPLI (e.g. increased towards healthy participants’
value) and decreased PTI. As far as we are aware, we are
the first group to describe as much variance in pain re-
lief with custom-made foot orthoses.
In our original trial [5], we postulated that custom-
made foot orthoses mediated pain relief via reduced
plantar pressures. Our subsequent analysis of 66 people
with idiopathic cavus foot deformity that were custom-
made foot orthoses responders did not find an associ-
ation between pressure variables and pain relief [7].
Figure 4 The association between foot pain score change post custom orthoses intervention as a function of (A) FHSQ initial foot pain
score, (B) BMI, and (C) Foot Posture Index. The vertical dash line represents the mean value.
Figure 5 The association between foot pain score change post
custom orthoses intervention as a function of (A) change in
Dynamic Plantar Loading Index and (B) change in pressure
time integral (PTI). The diagonal dash-lines represent the best
linear fit for each selected and unselected cases. The solid diagonal
line represents the best linear fit for both groups altogether.
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have been underpowered. Postema and colleagues stud-
ied 42 participants with metatarsalgia and examined
their pain relief and plantar pressures in response to
various shoe and foot orthoses conditions. In a subset
of 18 patients that reported pain, they did not detect
significant correlations although one value approached
significance (p = 0.06) [20]. Furthermore our prior def-
inition of ‘responders’ required a change of 10 points in
pain and function (n = 44) or final pain score greater than
85 (n = 20) [7].
Alternatively, Jannink and colleagues studied 77 pa-
tients with degenerative foot conditions treated with
custom-made orthopaedic shoes and measured their
pain relief and plantar pressures after 3 months use.
They found 27% of the variance in walking pain could
be attributed to average pressure [21]. While they
also detected a significant decrease in stance time, this
translated into a less than 10% difference in walking
speed and was not believed to be clinically significant [21].
We also found differences in stance time indicating a fas-
ter walking speed following custom-made foot orthoses
usage, and adjustments for this difference did not change
our final model.
DPLI and PTI were the only biomechanical variables
retained in the final model explaining pain relief with
custom orthoses. We believe these results provide mech-
anistic support for custom-made foot orthoses in redu-
cing pain in patients with pes cavus. Mechanistic
theories for pain-relief from custom-made foot orthoses
include resisting or facilitating motion; plantar pressure
reduction; altered muscle activity; and enhanced pro-
prioception [2]. Nigg further developed a theoretical
framework for injuries associated from foot pronation
for impact and movement control. Impact forcesproduce muscle tuning reaction prior to impact and
muscle activation during contact provide a preferred
joint movement path [22]. Our previous kinematic stud-
ies in healthy participants support these theoretical con-
structs as we found foot orthoses reduced gait initiation
distance and time [23].
We also found that custom-made foot orthoses usage
increased self-selected walking speeds, reduced inter-
cycle walking speed variability, and reduced center-of-
mass oscillation in the medial and lateral direction [3].
Our subsequent kinetic studies supported these concepts
in painful pes cavus patients with the DPLI redistribut-
ing pressure [8]. In the present study we found both
PTI and DPLI predicted pain relief from custom-made
foot orthoses reflecting both the quantity and shape of
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gait speed increased in healthy and in patients with pes
cavus following foot orthoses usage [3,8,23]. In the
present study, after adjusting for stance time changes,
PTI and DPLI were still retained. In this case, PTI may
reflect the temporal redistribution of pressures over
time. Our prior studies also suggested that the DPLI was
unchanged with changes in gait speed [8,9]. Thus, DPLI
appears to reflect a person’s plantar pressure probability
distribution to a Gaussian distribution as its effects were
independent of PTI. This also supports Nigg’s theoretical
framework of a preferred joint movement path or shape
of pressure redistribution.
There are limitations to our study. This is a secondary
analysis of a randomized controlled trial. While the trial
was not initially designed or powered to detect these
post-hoc questions, the design offers strengths over pre-
viously underpowered studies investigating the mechan-
ism of custom foot orthoses on pain relief after orthotic
therapy [7,20].
Conclusion
In this study we have identified a range of demographic
and biomechanical predictors of pain-relief with the use
of custom-made foot orthoses in people with painful
cavus foot deformity. Our final model described 73%
(R2) of the variance in pain relief from custom-made foot
orthoses and consisted of initial pain level, BMI, foot
alignment, and changes in both the Dynamic Plantar
Loading Index and PTI. Our findings add to the growing
body of literature providing mechanistic support for
the effect of custom orthoses on a variety of painful foot
conditions.
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